Plants exhibit a wide variety of growth rates that are known to be determined by genetic and environmental factors, and different plants grow optimally at different temperatures [1, 2] , indicating that this is a genetically determined character. Moderate decreases in ambient temperature inhibit vegetative growth, but the mechanism is poorly understood, although a decrease in gibberellin (GA) levels is known to be required [3] . Here we demonstrate that the basic helixloop-helix transcription factor SPATULA (SPT), previously known to be a regulator of low temperature-responsive germination [4] , mediates the repression of growth by cool daytime temperatures but has little or no growth-regulating role under warmer conditions. We show that only daytime temperatures affect vegetative growth and that SPT couples morning temperature to growth rate. In seedlings, warm temperatures inhibit the accumulation of the SPT protein, and SPT autoregulates its own transcript abundance in conjunction with diurnal effects. Genetic data show that repression of growth by SPT is independent of GA signaling and phytochrome B, as previously shown for PIF4 [5] . Our data suggest that SPT integrates time of day and temperature signaling to control vegetative growth rate.
Plants exhibit a wide variety of growth rates that are known to be determined by genetic and environmental factors, and different plants grow optimally at different temperatures [1, 2] , indicating that this is a genetically determined character. Moderate decreases in ambient temperature inhibit vegetative growth, but the mechanism is poorly understood, although a decrease in gibberellin (GA) levels is known to be required [3] . Here we demonstrate that the basic helixloop-helix transcription factor SPATULA (SPT), previously known to be a regulator of low temperature-responsive germination [4] , mediates the repression of growth by cool daytime temperatures but has little or no growth-regulating role under warmer conditions. We show that only daytime temperatures affect vegetative growth and that SPT couples morning temperature to growth rate. In seedlings, warm temperatures inhibit the accumulation of the SPT protein, and SPT autoregulates its own transcript abundance in conjunction with diurnal effects. Genetic data show that repression of growth by SPT is independent of GA signaling and phytochrome B, as previously shown for PIF4 [5] . Our data suggest that SPT integrates time of day and temperature signaling to control vegetative growth rate.
Results and Discussion
In order to learn more about growth repression by temperature, we screened known and unknown Arabidopsis mutants for the ability to grow fast at moderately low ambient temperatures (here 15 C) while leaving growth rate at higher temperatures (25 C) unaffected, using total rosette leaf area as a measure (this correlates well with fresh weight but can be monitored nondestructively; see Figure S1 available online). We found one such mutant, known as spatula-2 (spt-2), a lesion in a basic helix-loop-helix transcription factor previously characterized for its role in fruit development and temperatureresponsive seed germination control [4, 6, 7] . The spt-2 mutants exhibited near-normal growth at 25 C, but when grown at 15 C, their growth was up to double that of wildtype ( Figure 1 ). We also examined the growth rate of our HA-tagged SPT overexpressing lines [4] , which complement the germination and growth defects of spt mutants. These exhibited wild-type growth rates at constant 25 C but grew as dwarfs when maintained at 15 C ( Figures 1A and 1B) . The fast growth phenotype of spt-2 mutants at 15 C was shared with two further spt alleles, including spt-11, a loss-of-function T-DNA insertion line [8] , and spt-3, although not by spt-1, known to be a weaker allele [6] . This phenotype comprised both increased leaf organ size and leaf initiation rates (Figure S1 ), coupled with improved fresh weight gain ( Figures 1D  and 1E ). Therefore, we concluded that SPT is a growth repressor with a role in the establishment of the relationship between ambient temperature and growth rate, with increasing SPT levels sensitizing the plant's growth response to decreasing temperature. Analysis of the ability of spt mutant plants to withstand subzero temperatures showed that there was no obvious difference from wild-type, suggesting that modification of the SPT-dependent pathway could be used to promote growth in plants grown in field conditions in regions where cool conditions are prevalent ( Figure S2 ).
Because the spt growth phenotype is most evident at low ambient temperatures, it seemed likely that either the SPT protein level or activity is increased at these temperatures. Interrogation of published data revealed few changes in SPT expression in response to cold treatments of 4 C except that the highest expression levels occurred later than in the controls [9] . Another study showed a diurnal and circadian regulation of SPT transcript abundance, with transcript levels increasing during the light period and decreasing at night [10] . We confirmed this pattern using real-time reverse transcriptase-polymerase chain reaction (RT-PCR) in vegetative tissues under our light/dark conditions ( Figure 2A ). In addition, we observed a striking interaction between time of day and ambient temperature in the regulation of SPT transcript levels. At 25 C, SPT levels rose during the day but then declined abruptly at the end of the light period. As the temperature was lowered, the phase and duration of SPT expression was altered, so that at 15 C the transcript levels showed an additional and larger peak 4 hr after dusk, only decreasing close to dawn. Interestingly, in the spt-2 mutant, SPT mRNA shows no temperature-responsive phase shift ( Figure S3A ). This shows that the activity of the wild-type SPT protein mediates the control of the phase of SPT mRNA oscillations by temperature.
To investigate whether temperature affects the SPT protein, we used a previously characterized epitope-tagged line expressed from the 35S promoter [4] . We found that this had markedly increased abundance at 15 C compared to 25 C ( Figures 2B and 2C ). Measuring at the SPT mRNA levels in these overexpressing plants revealed only a slight increase in transcript levels at 15 C, and only during the dark period ( Figure S3B) , showing that the control of SPT abundance by temperature is predominantly posttranslational. This substantial temperature regulation of SPT protein levels explains the specificity of the growth phenotype of the overexpressors to low ambient temperatures ( Figure 1A ). It is possible that temperature controls the abundance of the SPT protein through interaction with a further factor or that temperature regulates an unknown posttranslational modification of SPT. Interestingly, the abundance of SPT at 15 C also shows *Correspondence: sdp5@york.ac.uka significant but temporary reduction in the early part of the day. At 25 C, protein levels are much lower at all time points but appear to show a transient increase at dusk. Combining our transcript and protein data, we would expect that at low ambient temperatures SPT would show a predominantly transcriptionally driven increase close to dusk, with protein levels remaining high until just after dawn.
We also analyzed the growth of Arabidopsis leaves at 15 C ( Figure S3C ). We could show that, as has previously been reported for hypocotyls [11, 12] , leaves elongated rhythmically with a peak growth rate at dawn in 12 hr light, 12 hr dark cycles. Interestingly, the spt-2 mutant grew at an increased rate at dawn and during the light period, but the minimum growth rate observed toward the end of the night was similar to that measured in wild-type plants. Therefore, we concluded that SPT expression determined the amplitude but not the timing of rhythmic growth. The growth rates of 35S:SPT plants at 15 C were too low to be measured, consistent with their dwarf phenotype ( Figure 1 ). It is interesting that the time of day at which SPT appears to have the greatest effect on growth rate does not correspond to the peak of SPT expression. This suggests that SPT is not directing the rhythmic regulation of growth.
It has previously been observed that leaf length is slightly decreased with increasing night temperatures [13] and that a high night temperature combined with a cooler day temperature inhibits hypocotyl and pea stem growth, whereas low night temperatures and warmer day temperatures promote growth [3] . However, in certain crop plants, night temperature appears to have little or no effect on growth [14] . Given that SPT expression peaks toward the afternoon or dusk, we were interested in the role time of day plays in the temperature regulation of Arabidopsis vegetative growth. Hence, we grew Arabidopsis plants at 15 C and interrupted the cool temperature with daily timed 8 hr periods of 25 C spanning the middle of the day, the middle of the night, dawn, or dusk ( Figure 2D ). Strikingly, a 25 C warm pulse was very effective at promoting wild-type growth during the day but was ineffective when applied at night, suggesting that Arabidopsis rosette growth is coupled to daytime temperatures. Interestingly, this result is predicted by a recent study modeling Arabidopsis growth in real environmental situations [15] . These data also show that Arabidopsis has only a weak thermoperiodic growth response [16] , because the daytime warm treatment promotes growth only marginally faster than constant warmth alone (compare Figure 1D and Figure 2D ). The dusk and dawn warm treatments showed growth intermediate between constant 15 C and the daytime warm treatment; however, Arabidopsis growth was significantly more responsive to warmth at dusk than at dawn. We found that the spt-2 mutant continued to show elevated growth rates compared to wild-type except when warmth was applied during the day, when no difference was observed between wild-type and spt-2 growth rates. In addition, at dusk, spt-2 mutant plants are strongly hypersensitive to applied warmth, and spt-2 mutants grew at the same rate as when warmth was applied in the middle of the day. Therefore, there is a daily cycle in the temperature sensitivity of growth, and SPT has a role in growth repression when daytime temperatures are cool and when warmth is applied only toward dusk. Interestingly, 35S:SPT plants continued to remain dwarfed at whatever time high temperatures were applied, and the diurnal nature of temperature-responsive growth was reduced. Given that constant 25 C treatment restores 35S:SPT growth to wild-type levels ( Figures 1A and  1D) , we conclude that the constitutive presence of high SPT abundance can confer a requirement for prolonged warmth for normal growth promotion. Because spt mutants remain sensitive to the temperature regulation of growth, particularly at dusk, SPT most likely cooperates with further factors that act to maintain the daily relationship between temperature and growth rate.
To further understand the discrepancy between the effectiveness of dawn and dusk warm treatments, we gave daily shorter 4 hr pulses of 25 C, timed across the day and early night, to plants otherwise maintained at 15 C ( Figure 2E ). Interestingly, 4 hr warm pulses applied at different times during the light period had identical growth-promoting effects on wildtype plants, in contrast to the effect of the 8 hr pulses (Figure 2D ), in which increased sensitivity had been observed at dusk compared to dawn. Furthermore, a 4 hr warm pulse after dusk had no growth-promoting effect, in common with the 8 hr warm pulses applied during the night. Given that the 8 hr treatment that includes 4 hr predusk and 4 hr postdusk warm treatments showed significantly more growthpromoting potential than the 4 hr predusk treatment alone, we concluded that Arabidopsis growth is sensitive to warmth during the light period and also in the period immediately after dusk, providing that warmth was first experienced in the period prior to dusk.
We also found that the 4 hr postdawn treatment was equally as effective as the 8 hr treatment applied equally 4 hr before Figures 2D and 2E ). This suggests that the warmth experienced before dawn in the latter treatment produced no growth response. Therefore, we concluded that the 8 hr warm period during the day was best at promoting growth, not because of special significance of this time of day, but because the warm treatment occurred entirely within the light period. Together, these results show that the daily light period is critical for the generation of a growth-modifying temperature signal in Arabidopsis, as has previously been shown in other plants [17] .
For the following reasons, we conclude that the action of SPT is to repress growth in response to cool ambient temperatures, particularly when this temperature is experienced by the plant during the earlier part of the light period. First, the 4 hr warm treatment in the morning promotes wild-type growth to that of spt-2 but does not affect spt-2 growth ( Figure 2E ): this shows that warm temperatures and loss of SPT cause an equivalent and epistatic loss of growth repression at this time of day. Second, spt-2 plants increase growth in response to 4 hr or 8 hr warm periods later in the light period ( Figures 2D and 2E ). This is likely because in these treatments, without SPT, there is a lack of growth repression in response to cool morning temperatures, combined with growth promotion by warmth later in the day, and the latter is most likely signaled by other factors acting partially redundantly with SPT. It is interesting that in the morning, SPT transcript levels start to rise (Figure 2A) , and presumably the phase of SPT expression is set.
Gibberellin (GA) has been shown to be important in thermoperiodic stem elongation responses [3, 18] . The main effects of GA are mediated through the controlled degradation of growth-repressing DELLA proteins [19] . SPT is a member of the PHYTOCHROME INTERACTING FACTOR (PIF) subfamily of bHLH transcription factors, and these have been shown to influence plant development by association with the phytochrome-and DELLA-dependent pathways [20] [21] [22] , although SPT does not bind phytochrome B [23] . Furthermore, phytochrome, as well as DELLA, is implicated in Arabidopsis growth control [24] [25] [26] , and both have been implicated in the control of temperature-dependent processes [27, 28] . To establish whether these proteins played a role in SPT-mediated growth inhibition, we crossed spt-2 and 35S:SPT to the gai gain-offunction mutant [29] and spt-2 to phyB-1 ( Figures 3A and 3B) . Analysis of these mutant combinations revealed that SPT and DELLA action was additive in all cases, with 35S:SPT gai plants smaller than either gai or 35:SPT alone and spt-2 gai plants larger than gai alone, although still markedly slower growing than spt-2. Further supporting this hypothesis, applied exogenous GA has a similar growth-promoting effect on both wildtype and 35S:SPT plants ( Figure 3D ). The spt-2 phyB-1 plants showed characteristics of both spt-2 mutants and phyB-1 mutants, exhibiting the large spt leaves, but with elongated petioles from phyB-1. So, again we found that the two mutants showed an additive affect on growth. We therefore concluded that SPT represses growth through a DELLA-and phyB-independent pathway. A similar conclusion was reached for the function of PIF4 [5] , which, like SPT, shows a temperatureresponsive growth phenotype, although this phenotype occurs at high rather than low temperatures with PIF4 [5, 30] . It is likely that different members of this transcription factor family act at different temperatures to modulate growth.
We have shown that Arabidopsis rosette growth is responsive to warmth during the day, but not during the night. Our data are consistent with a model in which SPT is a growth repressor whose levels are determined primarily by temperature in a process that acts at the protein level. Endogenous SPT transcript levels also show regulation by time of day and temperature, with the activity of the SPT protein required for the regulation of the phase of SPT transcription by temperature. The daily increase of SPT expression coincides with the time at which SPT is most important for growth control by temperature. Meanwhile, constitutive expression of SPT confers a requirement for constant warmth for growth promotion by high temperatures. Therefore, the increased growth phenotype of spt mutants at 15 C can be interpreted as exhibiting a constitutive response to morning warmth in the absence of the signal, which leads to faster but still rhythmic growth. One possibility is that temperature during the morning is important for the autoregulation of the phase of SPT expression, because this is the time of day that SPT transcription starts to rise. In this scenario, low morning temperatures would increase SPT transcription at the later time of day when the SPT protein is apparently most stable ( Figures 2B  and 2C ). Our work shows that, alongside the transcriptional induction of PIF4 [5] , the regulation of SPT protein levels at the translational or posttranslational level coordinates the plant's growth response to temperature. However, because spt mutants show an attenuated but not absent diurnal pattern of growth responses to temperature and because spt mutants retain a growth response to warmth, SPT must cooperate with further factors in the maintenance of the daily temperatureresponse rhythm. This work gives important insights into a new mechanism through which plants control temperature signaling, regulating key developmental programs.
Experimental Procedures
The spt-1, spt-2, spt-3 [6] , spt-11 [8] , and SPT overexpressing plants in a wild-type background and including the HA epitope tag [4] [2] . RNA was isolated from 12-day-old seedlings grown at either 15 C or 25 C (identical conditions to the growth experiments) using a QIAGEN RNeasy kit, and SPT transcripts were measured by real-time RT-PCR as described previously [4] and were normalized to mean expression of both UBIQUITIN 10 and TUBULIN 2 control genes. These have been used as the internal control for RT-PCR in several studies, including several looking into effects of temperature and circadian clock [31] [32] [33] [34] . Protein was isolated from seedlings grown for 7 days at 22 C and then switched to either 15 C or 25 C for 5 days, using the protocol of Duek et al. [35] . The HA tag was detected by probing the membrane with a rat anti-HA antibody (3F10, Roche) at a dilution of 1:1000 followed by a HRP-conjugated sheep anti-rat (Abcam) at a dilution of 1:5000. Loading was checked by directly reprobing membranes using a goat anti-UGPase antibody (Agrisera). Protein levels were quantified using the histogram function of Adobe Photoshop.
Supplemental Information
Supplemental Information includes three figures and can be found with this article online at doi:10.1016/j.cub.2010.07.028. C were sprayed weekly with 100 mM GA, starting in week 2 after transfer to soil, and growth was monitored as total rosette leaf area. These data represent the mean leaf area of 20 plants per treatment after 47 days. Error bars indicate the standard error.
